We demonstrate coherent random lasing from an aerosol of dye-doped microdroplets in air. The aerosol is in the form of a linear array of polydisperse, arbitrarily shaped, and randomly spaced microdroplets with average dimensions of about 30 μm. Upon optical excitation, ultranarrow lasing modes were observed in the emission along the axis of the linear array, while the transverse emission exhibited intrascatterer resonance peaks. Direct spatiospectral imaging and lasing threshold studies confirmed the origin of the lasing peaks to be from spatial modes that extended over the array of the polydisperse microdroplets. © 2012 Optical Society of America OCIS codes: 290.4210, 160.2710, 160.3380, 140.2050 Random lasers are exciting sources of light that yield coherent or narrowband incoherent emission extracted from a synergistic environment of amplification and disorder [1] [2] . The structural disorder is realized by creating a random variation in the refractive index of the medium. Because there are no prescribed restrictions on the nature of scatterers, an impressive variety thereof has been reported, such as nanopowders [3] [4] [5] , colloidal suspensions [6] [7] [8] , Rayleigh scatterers in optical fibers [9] , liquid crystals [10] , and polymer microspheres [11] . Of these, a few structures have gained prominence in recent experimental activity. For instance, ZnO nanopowders have proven to be efficient sources of gain and strong scattering [3] . Nd 3 -doped powders have been extensively used in powder lasers [4] and were the first systems that provided the basics of nonresonant feedback. Suspensions of dielectric particles in dye solutions have been extensively studied for weakly disordered random lasers [7] .
Random lasers are exciting sources of light that yield coherent or narrowband incoherent emission extracted from a synergistic environment of amplification and disorder [1] [2] . The structural disorder is realized by creating a random variation in the refractive index of the medium. Because there are no prescribed restrictions on the nature of scatterers, an impressive variety thereof has been reported, such as nanopowders [3] [4] [5] , colloidal suspensions [6] [7] [8] , Rayleigh scatterers in optical fibers [9] , liquid crystals [10] , and polymer microspheres [11] . Of these, a few structures have gained prominence in recent experimental activity. For instance, ZnO nanopowders have proven to be efficient sources of gain and strong scattering [3] . Nd 3 -doped powders have been extensively used in powder lasers [4] and were the first systems that provided the basics of nonresonant feedback. Suspensions of dielectric particles in dye solutions have been extensively studied for weakly disordered random lasers [7] .
It is known that weak disorder can create coherent emission, either from resonant feedback over random resonators [2] or from nonresonant feedback, which creates modes that can be extended over the sample size [7] . In such weakly disordered systems, dye-based samples have proven to be efficient generators of coherent emission, mainly due to the large gain cross section (∼10 −16 cm 2 ) that the dye molecules offer in alcoholic solutions. Further, lasing dyes have a wideband gain, and they exist in a large variety and can cover the visible and NIR spectrum. The fluidic nature of such dye-based samples is an advantage in optofluidic applications. Recently, dye-based random lasers were investigated as optofluidic sources, wherein optical feedback was created using nanoparticulate scatterers [12] . Here, we provide an effective method of realizing optical feedback in a fundamentally fluidic structure, via the creation of aerosols. Aerosols comprise suspensions of fine solid particulate matter or liquid droplets in a gas. We show that an aerosol of fine microdroplets of the dye solution generates adequate optical feedback that, assisted by the high gain in the dye, can realize coherent random lasing. Spatiospectral images provide evidence to the origin of this lasing to be from modes extended over the illuminated sample. Simultaneous transverse and longitudinal measurements revealed that the coherent modes were independent of intraparticle resonances, which occurred over a different wavelength range.
We first characterized the emission of Rhodamine 6G dissolved in methanol (1 mM) in a microchannel geometry. A quartz capillary (internal diameter 700 μm) was pulled under the focus of a CO 2 laser to create a thin microcapillary of diameter ∼20 μm, into which the dye was introduced. A focused Nd:YAG laser beam (λ 532 nm, pulsewidth ∼25 ps), with a focal size of 1 mm, illuminated the dye at one end of the microcapillary. The spectra from the longitudinal emission are shown in Fig. 1 . The neat dye solution exhibited normal fluorescence. Next, the dye was randomized by adding dielectric nanoparticles (ZnO, refractive index 2.0, size ∼10 nm, concentration 7.5 × 10 14 ∕cc), and was excited under the same conditions. The emission exhibited signatures of diffusive random lasing such as bandwidth narrowing and intensity enhancement, with the threshold at E P ∼ 0.3 μJ. Nonresonant feedback from the dielectric scatterers manifested the diffusive random lasing [13] .
It is desirable to investigate alternative ways of generating optical feedback than the addition of potentially contaminant nanoparticles. We implement this by creating a refractive index variation by breaking the liquid microcolumn into ultrasmall droplets, using the aerosol generation technique. When a liquid is forced out of a narrow aperture under pressure, the exiting liquid jet, which is mechanically unstable, breaks into an aerosol of fine microdroplets. Figure 2 shows the experimental procedure for spectral measurements of the aerosol. We forced the dye through a different microcapillary (labeled MC in Fig. 2 ) with an exit diameter of ∼10 μm, which yielded microdroplets with the transverse extent ∼20 μm, comparable to the microcolumn. The aerosol emitted through the capillary in the form of a random array of polydisperse, arbitrarily shaped (ranging from quasi-spherical to highly elliptical), and randomly spaced microdroplets, as shown in the image in Fig. 2 . The longitudinal dimension of the droplets varied from 20 to 40 μm. This system comprised randomly arranged microdroplets, with a refractive index of 1.34, separated by air, thus creating a discrete and spatially random variation in the refractive index. While scatterers of comparable sizes made of Nd powders have been studied in powder lasers earlier [4] , the dye microdroplets offer a larger gain coefficient, apart from the aforementioned merits of lasing dyes. The array is excited by the Nd: YAG laser using the steering mirror M1. The transverse emission from the array could be directly imaged by the lens L1 onto the input slit of the spectrometer (S) for spectral analysis. The longitudinal emission, which is directed along the random array, was imaged onto the spectrometer using the mirror M2, which was placed under the illuminated array at an angle of about 45°. Because of constraints in aligning the mirror under the falling array, we could image the emission from an angle of 5°about the exact longitudinal direction. An imaging CCD (CCD2) enabled the imaging of the microdroplets. As seen in the inset, the transverse and longitudinal emission originate from spatially separate locations in the object plane of lens L1 and hence are also imaged separately in the image plane, i.e., onto CCD1. Hence, if required, they could be simultaneously focused on the spectrometer CCD, using the correct positioning of lens L1.
The discretization of the refractive index created a major difference in the emission properties. Instead of the diffusive random lasing observed from the earlier system, we observed ultra-narrowband (bandwidth ∼0.25 nm, resolution-limited) coherent modes occurring at fluctuating wavelengths. Two representative spectra (at E P 4.2 μJ) of the longitudinal emission are shown in Figs. 3(a) and 3(b) . The peaks were prone to self-averaging at higher pump energies, and no periodicity was observed in multimode spectra. This behavior is commensurate with the emission properties of nonresonant coherent random lasers [14] . To ensure that the ultranarrow peaks did not arise from single droplets due to internal resonances, we illustrate the simultaneously measured transverse emission on the spectrometer [Figs. 3(c) and 3(d) ]. These spectra show a multitude of random, low-intensity peaks on a broad fluorescence background. At the positions corresponding to the ultranarrow peaks (marked by arrows), no excessive emission was observed in the transverse direction. The intensity in the longitudinal direction was a factor of 15 stronger than in the transverse direction, indicating strongly directional emission.
In order to correlate the peaks with the spatial distribution of the corresponding modes, we carried out spatiospectral imaging of the random laser system, as shown in Fig. 4 . Subfigures A show the coherent spectra. Subfigures B show the spectroscopic image from which the spectra in A are extracted, and the two sharp spots corresponding to the peaks are clearly discerned. Subfigures C show the simultaneously measured transverse spectroscopic images. The transverse images mostly show a multitude of bright spots, which represent internal resonances of the droplets. Because the droplets vary in size and shape, these resonances do not occur at the same frequencies. These spots result in the low-intensity peaks seen in Figs. 3(c) and 3(d) . We note that in the entire wavelength region where the intraparticle resonances are seen, the longitudinal image does not show evidence of any emission, which reconfirms that the coherent peaks do not originate from single microdroplets. Importantly, at the positions corresponding to the ultranarrow peaks, the transverse image clearly shows vertical bright streaks that extend over the entire illuminated array. We found that all ultranarrow peaks observed in the longitudinal emission had corresponding vertical streaks in transverse emission. Figure 4 also shows three magnified vertical streaks, wherein each streak shows the microdroplets in a well-resolved manner. This observation confirmed that the origin of the ultranarrow peaks in the longitudinal emission was a cooperative behavior of all droplets in the illuminated array.
Finally, Fig. 5 shows the threshold behavior exhibited by the system under increasing excitation energy. The variation of longitudinal emission intensity (solid circles) shows a clear and abrupt threshold at E P 0.6 μJ, after which the intensity grows linearly, with strong fluctuations. No prethreshold coherent peaks were seen. It has been observed in coherent random lasers based on extended modes that the system does not emit random lasing peaks at each excitation pulse, and a probability of random lasing can be measured [5] . This probability quantifies the number of spectra exhibiting coherent modes per the total number of spectra observed. Our system, too, exhibited this behavior, as is plotted in the same graph (empty circles). At the threshold, the system lases with a probability of about 4%, which shows a rapid initial rise and then a gradual growth with excitation intensity.
In summary, we have demonstrated ultra-narrowband random lasing from a linear array of polydisperse droplets. The random lasing emission is shown to originate from modes extended over the entire array and is not a resonance of individual droplets. A clear threshold behavior was observed in the emission, which was strongly directed along the array. Because the geometrical cross section of this array was of the order of 20 μm, such a system can be used as ultrasmall random lasers, with particular applications in optofluidic systems. 
